THE OBESE ZUCKER (fa/fa) rat (OZ) is commonly used as an animal model for the investigation of metabolic syndrome given its proclivity to exhibit severe skeletal muscle insulin resistance, hyperglycemia, and hyperlipidemia (43) . Previous data from our laboratory have suggested that the capacity of the OZ soleus muscle to undergo hypertrophy in response to increased loading is diminished compared with that observed in the lean Zucker (LZ) rat. Why metabolic syndrome may affect the hypertrophic response of muscle is not clear although we and others have noted that insulin resistance is associated with differences in the ability of skeletal muscle to activate intracellular signaling cascades in response to alterations in contractile activity (14, 19, 20, 34) .
It is well accepted that increases in protein synthesis precede skeletal muscle growth (22, 40) . One critical signaling pathway that has been shown to play a role in controlling protein synthesis following increased muscle loading is the mammalian target of rapamycin (mTOR) (5, 29) . The regulation of mTOR signaling is complex and is likely influenced by several upstream molecules and pathways, since previous data have suggested the participation of phosphoinositide 3-kinase (PI 3-kinase), phosphatase and tensin homologue deleted on chromosome 10 (PTEN), protein kinase B/Akt, TSC2/Tuberin, and raptor (5, 16, 21, 36, 37, 42) . The mTOR functions to regulate several physiological functions, such as gene transcription, protein metabolism, cell cycle control, and cytoskeleton organization (18, 38) . When active (phosphorylated), mTOR is thought to promote protein translation by controlling the activity of several downstream effectors, including the 70-kDa ribosomal protein S6 kinase (p70S6k), ribosomal protein S6 (rpS6), eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), and eukaryotic elongation factor 2 (eEF2) (23, 30) .
The primary purpose of this study was to determine whether insulin resistance affects the ability of skeletal muscle to activate mTOR signaling in response to increased loading. The second purpose was to examine the time course of mTOR signaling during the initial and latter phases of muscle adaptation. We hypothesized that overload-induced mTOR signaling would differ between normal and insulin-resistant muscle. Our data suggest that insulin resistance or other comorbidities may be associated with decreases in the ability of skeletal muscle to activate mTOR signaling. Whether these changes alone or in combination with other factors may explain why insulin resistance may lead to differences in the capacity of skeletal muscle to undergo growth are currently unclear.
MATERIALS AND METHODS
Animal care. All procedures were performed as outlined in the Guide for the Care and Use of Laboratory Animals as approved by the Council of the American Physiological Society and the institutional animal use review board of Marshall University. Young male LZ (n ϭ 12) and OZ (n ϭ 12) rats were obtained from the Charles River Laboratories. All animals were 12 wk of age at completion of this study. Rats were housed two per cage in an American Association for the Accreditation of Laboratory Animal Care-approved vivarium. Housing conditions consisted of a 12:12-h dark-light cycle, and temperature was maintained at 22 Ϯ 2°C. Animals were provided food and water ad libitum and allowed to recover from shipment for at least 2 wk before experimentation. During this time, the animals were carefully observed and weighed weekly to ensure none exhibited signs of failure to thrive, such as precipitous weight loss, disinterest in the environment, or unexpected gait alterations.
Synergist ablation procedure. Unilateral overload of the soleus muscle for 1 and 3 wk was achieved through the surgical ablation of the medial and the proximal two-thirds of the lateral head of the gastrocnemius (4) . The unilateral ablation model allows within-animal comparisons, thus eliminating bias due to systemic factors. Rats were anesthetized with a ketamine-xylazine (4:1) cocktail (50 mg/kg ip), and the distal two-thirds of the gastrocnemius muscle was surgically removed from the left hindlimb as previously described (4) . A sham (control) operation was performed on the right hindlimb. The sham procedure consisted of an incision through the skin, followed by blunt isolation of the Achilles tendon and gastrocnemius muscle before closure. Animals were active immediately after recovering from anesthesia and were checked two times daily during the 7-day postoperative period. No signs of postoperative complications (such as infection or undue distress) were observed.
Measurement of blood glucose and serum insulin. Animals were fasted for 14 h, and blood samples were collected directly just before animal death. Blood samples were immediately centrifuged at 2,000 g for 10 min, and the supernatant serum was stored at Ϫ80°C until use. Serum insulin concentration was determined using a rat/mouse insulin ELISA kit (Linco Research, St. Charles, MO) as outlined by the manufacturer. Blood glucose was measured using a blood glucose meter (Bayer Contour; Bayer HealthCare, Tarrytown, NY).
Tissue collection. The soleus muscles were collected 7 days (n ϭ 6 LZ and n ϭ 6 OZ) or 21 days (n ϭ 6 LZ and n ϭ 6 OZ) after the synergist ablation. The animals were 12 wk old at the time of tissue collection. Rats were anesthetized with a ketamine-xylazine (4:1) cocktail (50 mg/kg ip) and supplemented as necessary for reflexive response before tissue collections. The soleus muscles from both legs were quickly removed, trimmed of excess connective tissue, weighed on an analytical balance, frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis.
Tissue homogenization and determination of protein concentration. Muscles were homogenized in Pierce Tissue Protein Extraction Reagent (10 ml/g tissue; Rockford) that contained protease inhibitors (P8340; Sigma-Aldrich, St. Louis, MO) and phosphatase inhibitors (P5726; Sigma-Aldrich). After incubation on ice for 30 min, the homogenate was collected by centrifuging at 12,000 g for 5 min at 4°C. The protein concentration of homogenates was determined via the Bradford method (Fisher Scientific, Rockford, IL). Homogenate samples were boiled in a Laemmli 2ϫ sample buffer (Sigma-Aldrich) for 5 min.
SDS-PAGE and immunoblotting. Total protein from each sample (40 g) was separated on a 10% PAGEr Gold Precast gel (Lonza, Rockland, ME) and then transferred to a nitrocellulose membrane. Visual verification of transfer and equal protein loading among lanes were accomplished by Ponceau S staining of the membranes. For Fig. 1 . Muscle wet weight-to-body weight ratios in control and loaded (7 or 21 days) soleus muscles of lean Zucker and obese Zucker rats; n ϭ 6. P Ͻ 0.05, significantly different from lean control value (*) and significantly different from contralateral control ( †). 7d, 7 days of loading; 21d, 21 days of loading; LC, lean control; LO, lean overload; OC, obese control; OO, obese overload. (from Cell Signaling Technology, Beverly, MA), and myogenin (M-225) (sc-576) and myo-D (C-20) (sc-304) (from Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were incubated overnight at 4°C in primary antibody buffer (5% BSA in TBS-T, pH 7.6, primary antibody diluted 1:1,000), followed by washing in TBS-T (3 ϫ 5 min each), and incubation with horseradish peroxidaseconjugated secondary antibody [anti-rabbit (no. 7074) or anti-mouse (no. 7076); Cell Signaling Technology, Danvers, MA] in blocking buffer for 1 h. After removal of the secondary antibody, membranes were washed (3 ϫ 5 min each) in TBS-T, and protein bands were visualized on reaction with ECL reagent (Amersham ECL Western Blotting reagent RPN 2106; GE Healthcare Bio-Sciences, Piscataway, NJ). Target protein levels were quantified by AlphaEaseFC image analysis software (Alpha Innotech, San Leandro, CA) and normalized to GAPDH.
Statistical analysis. Results are presented as means Ϯ SE. Data were analyzed using the Sigma Stat 3.5 statistical program. The effects of insulin resistance on protein phosphorylation were analyzed using a two-way ANOVA followed by the Student-Newman-Keuls post hoc testing where appropriate. Differences were considered significant at P Ͻ 0.05.
RESULTS

Insulin resistance is associated with skeletal muscle atrophy.
All of the animals were 12 wk of age at the end of the study. The OZ animals had significantly higher serum levels of insulin (1.75 Ϯ .05 vs. 0.48 Ϯ .03 ng/ml; 3.64-fold) and blood glucose (226 Ϯ 11 vs. 121 Ϯ 10 mg/dl; 1.85-fold) compared with their lean counterparts. These results are consistent with the notion that the OZ rats were hyperglycemic and hyperinsulinemic [Supplemental Fig. 1 (Supplemental data for this article may be found on the American Journal of Physiology: Regulatory, Integrative and Comparative Physiology website)]. The OZ rats exhibited a significantly higher body weight than the LZ at both 7 and 14 days of observation (464 Ϯ 12 vs. 302 Ϯ 3 g at 7 days; P Ͻ 0.05; 460 Ϯ 26 vs. 289 Ϯ 10 g at 21 days; P Ͻ 0.05). Soleus muscle wet weights were significantly lower in the OZ compared with the LZ (128 Ϯ 11 vs. 150 Ϯ 6 mg at 7 days; P Ͻ 0.05; 128.0 Ϯ 6.5 vs. 141.0 Ϯ 8.3 mg at 21 days; P Ͻ 0.05; Fig. 1) .
Insulin resistance is associated with a diminished hypertrophic response that is characterized by decreases in the activation of mTOR-related signaling. Muscle overload increased soleus muscle mass to a similar extent in the LZ and OZ animals at 7 days (39 vs. 36%), but the degree of overloadinduced muscle growth at 21 days was greater in the LZ compared with OZ animals (35 vs. 16%; P Ͻ 0.05; Fig. 1 ). According to our immunoblot analysis, the phosphorylation of mTOR (Ser 2448 ) and p70S6k (Thr 389 ) in overloaded muscles was elevated relative to the contralateral control after 7 and 21 days of overload in the LZ rats and after 7 days of overload in the OZ rats (P Ͻ 0.05; Figs. 2B and 3B ). The phosphorylation of p70S6k (Thr 421 /Ser 424 ) was significantly higher in overloaded muscles of both LZ and OZ rats after 7 and 21 days (P Ͻ 0.05; Fig. 3C ). Overload increased the amount of rpS6 protein in both the LZ and OZ rats at 7 and 21 days of observation (P Ͻ 0.05; Fig. 4A) . Conversely, the phosphorylation of rpS6 (Ser 235/236 ) in overloaded muscles was elevated after 7 and 21 days of overload in LZ animals but only at the 7-day time point in the OZ rats (P Ͻ 0.05; Fig. 4B ). The phosphorylation eEF2 (Thr 56 ) was higher in both the LZ and OZ rats after 7 days of overload (P Ͻ 0.05) (Fig. 5B) . Overload did not alter the amount of phosphorylated 4E-BP1 in either the LZ or OZ animals (Fig. 6B) .
Alterations in regulation of different possible upstream regulators of mTOR signaling in the soleus muscle of OZ with overload.
To examine the effect of insulin resistance on the activation of different mTOR regulators with overload, we compared the protein content and phosphorylation of Akt, PTEN, TSC2/Tuberin, and raptor between control and overloaded muscles. Similar to our findings for mTOR, the amount of phosphorylated Akt (Thr 308 ) and Akt (Ser
473
) was increased at 7 and 21 days of overload in the LZ rats, whereas it was only elevated after 7 days of overload in the OZ rats (P Ͻ 0.05; Fig. 7 ). The muscle content and phosphorylation of PTEN was increased by muscle overload in the LZ and OZ animals at both 7 and 21 days (P Ͻ 0.05; Fig. 8 ). The protein content of Tuberin/TSC2 was higher in LZ and OZ animals after 7 days of overload (P Ͻ 0.05) and at 21 days in the OZ rats (P Ͻ 0.05; Fig. 9 ). The phosphorylation of Tuberin/TSC2 (Thr 1462 ) was diminished in LZ arts at 7 and 21 days of overload and in the OZ animals after 7 days of increased loading (P Ͻ 0.05; Fig.  9 ). Muscle loading did not alter the expression of raptor in either the LZ or OZ animals (Supplemental Fig. 2) .
Overload did not alter expression of myogenic regulatory factors. Given the potential role that myogenic regulatory factors may play in the regulation of satellite activation and muscle hypertrophy (17, 34) , we next examined the regulation of myogenin and myogenic differentiation 1 (myoD) with overload. Overload of the soleus muscles did not alter the myogenin and myoD expression in either the LZ or OZ rats (Supplemental Fig. 3) . 
DISCUSSION
Previous work by our laboratory has demonstrated that the degree of soleus muscle hypertrophy following 8 wk of compensatory overload appears to be blunted in the insulin-resistant OZ rat compared with its lean counterpart (33) . Here we examine the time course of muscle growth and the activation of mTOR and mTOR-related signaling at 1 and 3 wk of overload in an effort to better understand why muscle hypertrophy may be diminished in the OZ rat. Our data suggest that insulin resistance may affect the ability of slow muscle to maintain activation of mTOR-related signaling after the 1st wk of loading.
mTOR has been suggested to be an important regulator of muscle growth, since studies showing inhibition of mTOR by the drug rapamycin almost completely inhibit the hypertrophic response (5) . Here we demonstrated that the phosphorylation (activation) of mTOR appears to be similar after 1 wk of overload but significantly less in the overloaded OZ rat compared with the LZ rat after 3 wk of overload (Fig. 2) . This latter finding is consistent with our data demonstrating that the insulin-resistant soleus exhibits a reduced ability to undergo hypertrophy following 8 wk of mechanical overload (33) . To examine how this defect in mTOR signaling might affect the regulation of molecules thought to be involved in controlling protein translation, we next examined how insulin resistance affected the phosphorylation of 4E-BP1 and p70S6k in response to increased muscle loading. As expected from our mTOR data, the phosphorylation of the mTOR substrates 4E-BP1 and p70S6k was significantly less in the OZ rat compared with that observed in the LZ rat (Figs. 3 and 6 ). How these differences in the activation (phosphorylation) of 4E-BP1 and p70S6k may affect the hypertrophic response of the insulin-resistant soleus is currently unclear; however, other work has demonstrated convincingly that the phosphorylation of these molecules is highly correlated with the degree of muscle hypertrophy (2, 12) . The underlying molecular mechanisms for these alterations remain unclear. However, it is interesting to note that other studies have demonstrated that the phosphorylation of p70S6k in response to insulin (11, 13, 26) and increased muscle loading (19) may be altered in the diabetic rat model.
To confirm these data, we also examined the regulation of rpS6, which is a substrate of p70s6k (24) . It has been shown that phosphorylation of rpS6 by p70S6k correlates with an increase in translation, particularly of mRNAs with an oligopyrimidine tract in their 5=-untranslated regions (35) . Consistent with our findings for p70S6k, we found that the degree of rpS6 phosphorylation at Ser 235/236 following 3 wk of overload was diminished in the OZ compared with their lean counterparts (Fig. 4) . Furthermore, we examined the regulation of eEF2, which is a GTP-binding protein that functions to repress the translocation step of elongation when in its nonphosphorylated state (8) . We found similar changes in the expression and phosphorylation of eEF2 following overload in both lean and obese animals (Fig. 5) . These data suggest that the attenuation of hypertrophy in insulin-resistant muscle may not be because of differences in the regulation of the elongation phase of the protein translation process.
Like mTOR and p70S6k, the activation of protein kinase B/Akt is thought to be required for muscle hypertrophy, since the overexpression of a constitutively active Akt results in increased p70S6k phosphorylation, glycogen accumulation, and muscle fiber hypertrophy (9) . Previous data have demonstrated that phosphorylation of serine and threonine residues Fig. 10 . Schematic summarizing the differences in loadinduced signaling between the lean and obese Zucker rats after 21 days of overload. Molecules shown in the dark-shaded, medium-shaded, and empty circles represent no change, complete activation or inactivation, and differences in activation between animal models, respectively. Impaired hypertrophy in obese Zucker rats is associated with an attenuated activation of Akt, mTOR, p70S6k, and rpS6.
within the carboxyl terminal hydrophobic domain (Ser 473 ) and catalytic domain (Thr 308 ) is necessary for full activation of Akt kinase activity (1) . Compared with that seen in the LZ, the ability of the soleus to activate (phosphorylation at both Ser 473 and Thr 308 ) Akt in the OZ appears to be diminished (Fig. 7) . How this might affect the activation of other signaling molecules is currently unclear; however, it is likely that Akt can influence the activity of mTOR through its ability to phosphorylate the product of the tuberous sclerosis complex TSC2 gene, also termed tuberin. Tuberin is a tumor suppressor that inhibits mTOR when unphosphorylated and is involved in the regulation of cell proliferation and tumor development (16, 36 ). Here we demonstrate that the Akt-dependent phosphorylation of tuberin (Thr 1462 ) is diminished in the LZ rat while it is unaltered in the OZ rat following 3 wk of overload (Fig. 9) . Because decreased tuberin phosphorylation should lead to a decrease in mTOR activity, it is likely that the differences in mTOR phosphorylation we see between models is not because of alterations with TSC2 regulation. Similar to tuberin, raptor is also thought to interact with mTOR where it acts to increase the phosphorylation of p70S6k and 4E-BP1 (31) . Unlike tuberin, we did not observe any difference in the amount of raptor between models or with overload (Supplemental Fig. 1) , suggesting that the attenuation of mTOR activity in insulinresistant muscle may not be because of differences in raptor regulation.
The activity of PI 3-kinase/Akt/mTOR signaling is thought to be negatively regulated by the tumor suppressor protein PTEN (42) . Like our findings for raptor, we found similar increases in the amount of PTEN phosphorylation following overload in both the lean and obese rats (Fig. 8) . This finding is quite interesting, since it suggests that PTEN is unlikely to play a role in explaining why insulin-resistant muscle exhibits differences in its ability to activate Akt and mTOR following increased muscle loading. Why the magnitude of load-induced mTOR signaling may differ with insulin resistance is not clear. In addition to Akt, raptor, and TSC2, the activity of mTOR is also influenced by a myriad of other molecules, including AMP-activated protein kinase (AMPK), rictor, regulated in development and DNA damage response 2, phospholipase D, and possibly others (3, 10, 15, 25, 27, 32) . Recent in vitro and in vivo data have suggested that AMPK may inhibit protein synthesis through its ability to suppress mTOR activation (5, 6, 41) . Consistent with this finding, work by Thomson and Gordon (39) has demonstrated that the diminished overload-induced hypertrophy seen in aged skeletal muscle is associated with AMPK hyperphosphorylation. Further experiments to investigate whether a similar relationship between AMPK activation and the degree of muscle growth is present in insulin-resistant muscle will likely add to our understanding of what role this molecule may play in modulating muscle growth. In an effort to explore other possible mechanisms for the attenuated hypertrophy we observe in the OZ animals, we next examined if muscle overload was associated with alterations in the amount of myogenic regulatory factors MyoD and myogenin, which have been posited to be involved in regulating satellite cell activation. Consistent with previous work examining the myogenin and myoD levels in rat soleus muscle after 4 wk of surgical overload (28), we observed no changes in the amount of myogenin and myoD with overload in either the LZ and OZ animals (Supplemental Fig. 3) . It is also possible that differences in the degree of animal activity may also have played a role in the differential hypertrophic response between the LZ and OZ rats. Because the hypertrophy stimulus in the synergistic ablation model is dependent, at least in part, on animal activity, it is possible that the soleus muscles of the less active obese animals (7) were loaded to a lesser degree than their lean counterparts. Whether this was actually the case cannot be determined from our data. Nonetheless, it is also worthy to point out that the greater body mass of the OZ rats likely produced a greater overload stimulus for muscle growth on the weight-bearing muscles. To address these possibilities, future studies employing other animal models that do not differ in their amount of activity or body weight may be warranted.
In summary, the data of the present study suggest that insulin resistance may be associated with a decrease in the ability of the soleus muscle to undergo muscle hypertrophy and that this finding may be related to differences in mTOR, p70S6k, Akt, and rpS6 signaling (Fig. 10) . These findings are novel, since they are the first to demonstrate impaired mTORrelated signaling in direct conjunction with attenuated overload-induced hypertrophy in insulin-resistant skeletal muscle. Additional studies designed to directly inhibit or activate these signaling molecules, as well as to explore the other possible mechanism(s), e.g., AMPK signaling during muscle adaptation, will be needed to increase our understanding of the exact mechanism(s) involved and the clinical ramifications for an ever-increasing diabetic population.
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